Members of the Wnt family of secreted molecules have been established as key factors in determining cell fate and morphogenic signaling. It has long been recognized that Wnt induces morphogenic signaling through the Tcf/LEF-1 cascade by regulating free intracellular levels of ␤-catenin, a co-factor for Tcf/LEF-1 transcription factors. In the present study, we have demonstrated that Wnt-3A can also directly induce transcription from the LEF-1 promoter. This induction was dependent on glycogen synthase kinase 3␤ inactivation, a rise in free intracellular ␤-catenin, and a short 110-bp Wnt-responsive element (WRE) in the LEF-1 promoter. Linear and internal deletion of this WRE led to a dramatic increase in constitutive LEF-1 promoter activity and loss of Wnt-3A responsiveness. In isolation, the 110-bp WRE conferred context-independent Wnt-3A or ␤-catenin(S37A) responsiveness to a heterologous SV40 promoter. Studies expressing dominant active and negative forms of LEF-1, ␤-catenin, GSK-3␤, and ␤-catenin/ LEF-1 fusions suggest that Wnt-3A activates the LEF-1 promoter through a ␤-catenin-dependent and LEF-1-independent process. Wnt-3A expression also induced multiple changes in the binding of factors to the WRE and suggests that regulatory mechanisms may involve modulation of a multiprotein complex. In summary, these results provide evidence for transcriptional regulation of the LEF-1 promoter by Wnt and enhance the mechanistic understanding of Wnt/␤-catenin signaling in the regulation of LEF-1-dependent developmental processes.
The Wnt gene family encodes a group of secreted factors that control numerous processes in development, including differentiation, proliferation, and morphogenesis (1) . One major pathway induced by Wnt signaling includes the ␤-catenin-Tcf-LEF-1 transcriptional complexes (2) . In this context, Wnt signals control the cytoplasmic availability of ␤-catenin for its transcriptional binding partners (Tcf/LEF-1) through an Axin-adenomatous polyposis coli complex that controls the ubiquitination and proteasomal degradation of free intracellular ␤-catenin. In the absence of a Wnt signals, GSK-3␤ 1 is highly active, leading to the phosphorylation-dependent degradation of ␤-catenin through the adenomatous polyposis coli-Axin complex (3, 4) . In contrast, Wnt activation antagonizes the effect of GSK-3␤ and increases the free intracellular pool of ␤-catenin by inhibiting its phosphorylationdependent degradation. Stabilization of ␤-catenin increases its abundance in bipartite trans-activation complexes with LEF-1/ Tcf1 proteins (1) .
The importance of LEF-1 function in Wnt signaling has been long established in numerous models of development and morphogenesis. In such developmental signal transduction cascades, Wnt can stimulate the transcriptional activation of numerous developmental genes through the activation of ␤-catenin/LEF-1 complexes in the nucleus. However, in many developmental model systems, LEF-1 expression is also induced in a similar fashion as Wnt genes (5, 6) and in some instances is also sufficient to induce a Wnt-like developmental process (7) . Interestingly, null mutations in LEF-1/Tcf-1 generated a phenotype in mice that is virtually identical to that seen in Wnt-3A-deficient mice (8) . Together, these results suggest that the regulation of ␤-catenin/LEF-1 pathways by Wnt may be more complex than simply regulation of intracellular ␤-catenin through the GSK-3␤ pathway and suggest that Wnt might also regulate LEF-1 gene expression at the transcriptional level.
Several potential possibilities might explain Wnt inducibility of LEF-1 gene expression during developmental processes. First, Wnt may induce LEF-1-mediated gene expression through resident LEF-1/Tcf1 sites in the LEF-1 promoter. Recently, the partial cloning of the LEF-1 promoter indeed revealed evidence for LEF-1 binding sites (9) . Furthermore, this same group recently reported that alternative full-length and truncated (␤-catenin binding domain deleted) isoforms of LEF-1 might be controlled by ␤-catenin-Tcf-1 complexes in the LEF-1 promoter (10) . A second potential model for Wnt-regulated LEF-1 gene expression includes the induction of yet unidentified non-LEF-1/Tcf1 transcription factors that are induced by Wnt and bind to promoter sequences. In the present study, we characterized regions of the LEF-1 promoter that are responsible for induction by Wnt-3A in an epithelial cell line. Interestingly, this Wnt-induced transcriptional regulation of the LEF-1 promoter was independent of known LEF-1/Tcf1 binding sites and appeared to be regulated by combined derepression and enhancer function at a 110-bp Wnt-responsive element. Wnt-3A induction was dependent on the inactivation of the GSK-3␤ pathway and a concurrent elevation in free intracellular ␤-catenin, suggesting similarities to other LEF-1/ Tcf1 activation cascades.
EXPERIMENTAL PROCEDURES
Cloning the Human LEF-1 Promoter-A human genomic library in EMBL-3 lambda phage (CLONTECH Inc.) containing an average insert size of 15 kb was screened by hybridization against a 32 P-labeled PCR fragment of exon 1 from the human LEF-1 cDNA. From a screening of 1 ϫ 10 6 independent phages, 13 positive clones were isolated and one genomic clone (C2LEF-1B) was chosen for sequencing based on exon mapping by restriction analysis and Southern blotting, which demonstrated that this clone contained the largest promoter region. Following complete sequencing performed in both directions using primer walking, the fragment of the LEF-1 gene was determined to contain bases from Ϫ2700 to ϩ9580 bp relative to ϩ1 as the translational start site (Figs. 1 and 2A) . The insert derived from C2LEF-1B was sub-cloned into the BamHI site of the Puc18 backbone and designated as hLEF1-2700/ϩ9580.
Generation of LEF-1 Promoter-Reporter Constructs for Expression Analysis in HEK 293
Cells-Cloning of the largest LacZ reporter construct (LF-2700/ϩ3034) first involved generating a ClaI/BamHI-modified LacZ cDNA that contained an in-frame splice acceptor sequence at its 5Ј-end. A BamHI/ClaI LEF-1 promoter fragment was then cloned juxtaposed upstream to the ClaI/BamHI LacZ cDNA into the BamHI site of Puc18. The LacZ cDNA fragment was derived from pSV-␤-gal and contained the SV40 poly-A downstream to LacZ. The splice acceptor generated in this LEF-1/LacZ fusion utilized an endogenous poly-T track and lariat adenine, which were previously determined by sequencing to be perfectly positioned within intron II. The LF-2700/ ϩ3034 construct expresses an N-terminal fusion protein encoding the first 93 amino acids of LEF-1 fused to the N terminus of ␤-galactosidase. The integrity of cloning at the splice junction was confirmed by sequencing. Additionally, the correctly predicted splicing of this construct was confirmed by reverse transcriptase-PCR analysis following transient transfection in 293 cells. The second largest promoter-reporter construct (LF-2700/-200) consisted of a 2.5-kb BamHI/NotI fragment of the LEF-1 promoter cloned into the backbone of the plasmid pSV-␤-gal lacking the SV-40 promoter/enhancer (Fig. 2C) . A series of nested deletion mutants (Fig. 2D) were generated from LF-2700/-200 using either the Erase-a-Base kit following the manufacturer's instructions (Promega, MA) or by PCR-based cloning strategies. All plasmid DNAs used for transfection were purified by a CsCl gradient method, and deletions were confirmed by sequencing.
Studies evaluating a 110-bp Wnt-responsive element (WRE) from the LEF-1 promoter in isolation were performed by PCR cloning the Ϫ879-to Ϫ769-bp DNA segment in the LEF-1 promoter 5Ј and 3Ј to a minimal SV40 promoter contained within the pGL3 (Promega) luciferase reporter vector. Construct pGL3(WRE-5Ј) contained a single WRE 5Ј to the SV40 minimal promoter and outside the mRNA coding sequence. Construct pGL3(WRE-3Ј) contained a single WRE 3Ј to the SV40 minimal promoter and was encoded within the 5Ј-untranslated region of the luciferase mRNA transcript.
Transient Expression in HEK 293 Cells-Human embryonic kidney 293 cells were transfected using LipofectAMINE Plus (Invitrogen) according to the manufacturer's instructions. The cells were grown to 50ϳ70% confluency on 100-mm plates prior to co-transfection with 5 g of a given LEF-1-promoter/LacZ reporter construct and 0.2 g of pGL3 plasmid encoding the luciferase gene. For studies evaluating the promoter-reporter constructs alone, cells were transfected for 6 h in the absence of fetal bovine serum, after which serum was supplemented to a final concentration of 10%. Cells were harvested for ␤-galactosidase and luciferase assays at 36 h post-transfection. Harvesting of cells was performed by first washing in phosphate-buffered saline followed by lysis in 1ϫ Reporter Buffer (Luciferase Assay System kit, Promega). Protein concentrations were determined by the Bradford method, and all lysates were normalized to the same protein concentration using a control, mock-transfected lysate. 10 g of lysate was used for luciferase assays (Invitrogen), and 450 g of lysate was used for ␤-galactosidase assays using O-nitrophenyl ␤-D-galactopyranoside as a substrate (Sigma Chemical Co.). Normalization of transfection efficiencies for each experimental point was preformed by dividing the ␤-galactosidase activity units by the relative light units of luciferase activity. This value was then used to calculate the expression level of a given construct over that seen with the promoterless LacZ plasmid backbone for the same experiment. For induction studies, 6 -10 g of expression plasmids encoding wtLEF-1 (11), LEF-1(m5) (11), LEF⌬N-␤Cat⌬N (12), S37A␤-catenin (13), Wnt-7A (14), Wnt-3A (15), or Wnt-3 (16) was transfected at 30 h post-transfection with the LEF-1 promoter-reporter and luciferase constructs as described above. This sequential transfection protocol was optimized to obtain maximal induction of the LEF-1 promoter by Wntexpressing constructs. Cells were then harvested 18 -20 h following the second transfection as described above. When multiple plasmids were used for transfections, the total DNA transfected in all experimental comparisons was always normalized by the inclusion of an empty vector plasmid control (pcDNA). For studies evaluating the Wnt responsiveness of pGL3(WRE-5Ј), pGL3(WRE-3Ј), and pGL3 vectors, the pSV2␤gal plasmid was used as an internal control for transfection efficiency. Transfections were performed identically as described above by first co-transfecting the pGL3 reporter vector and pSV2␤gal control plasmid, followed by subsequent transfection with Wnt-3A or ␤-catenin(S37A) expression plasmid (or pcDNA as a negative control). Luciferase and ␤-galactosidase activities were assessed at 18 -20 h following the second transfection, and all individual luciferase values were normalized for ␤-galactosidase activity prior to analysis of data.
Transcriptional Start Site Mapping by Primer Extension-Total RNA used for primer extension was purified from transfected HEK 293 cells using TRIzol reagent (Invitrogen). Cells were transfected with LF-2700/-200 prior to RNA harvesting 36 h after transfection. Procedures for transfection were identical to that used in transient transfection expression studies. The following antisense primers were used for mapping: TSS1 (EL902, 5Ј-CCGCCTCTAGCTCTCCTTGGCTGCCCGCTG-GAGG-3Ј), TSS2 (EL879, 5Ј-CCTGGTTCCTCGGCCCGAGAGCGCGC-AGCCCGGGTC-3Ј), TSS3 (EL962, 5Ј-GAGCACGCCTCCCCAAAGTG-CAGAGGAGGGTCCGGC-3Ј), and TSS4 (EL920, 5Ј-GAGGGCTGCGG-TAGCTGGCGACTCCGGGGGCGTCTG-3Ј). Primers were end-labeled using T4-kinase in the presence of [␥-32 P]ATP and subsequently purified from a 6% denaturing polyacrylamide gel. Primer extension was performed using a kit from Promega (catalog number E3030) with slight modifications to the manufacturer's protocol. Briefly, 1 l containing 2 ϫ 10 5 cpm primer was added to 15 g of total RNA and denatured at 85°C for 15 min followed by annealing at 65°C for 1.5 h. Reactions were then extended using reverse transcriptase at 42°C for 1 h and terminated by the addition of RNase at 37°C for 15 min. The final product was then extracted with phenol/chloroform followed by precipitation with ethanol. The pellet was re-suspended in loading dye and then resolved on a 6% polyacrylamide/7.5 M urea sequencing gel. Sequencing ladders were generated with the same primer used for primer extension using a di-deoxy sequencing kit from Promega (femtomoles of DNA Sequencing System, Promega) and provided direct sequence for exact sizing of products from primer extension. In studies evaluating the effect of Wnt-3A expression on transcriptional start sites, an internal control ␤-actin primer (EL930, 5Ј-gagctggcggcgggtgtggacgggcggcggatc-3Ј) was also added to each reaction (2 ϫ 10 5 cpms). This primer produces an 80-bp extension product.
Electrophoretic Mobility Shift Assays-Wnt-inducible changes in DNA binding were assessed using EMSA and a previously described protocol (17) . Briefly, nuclear proteins were prepared from cells transfected with either Wnt-3A or pcDNA expression plasmids, and 2 g of nuclear extract (1 l) was used for each binding reaction. Four independent double-stranded oligonucleotide probes spanning various regions of the WRE and 5Ј adjacent sequences were generated by T4 polynucleotide kinase end-labeling using [␥- 32 P]ATP and purified from unincorporated nucleotides by column chromatography (Sephadex G-25). Probe sequences were as follows: 1) 5Ј-ACTCCCCGAGACTCC-GCAGTGCC-3Ј; 2) 5Ј-ACTCCGCAGTGCCCTCCACTGCGGAGTC-3Ј; 3) 5Ј-TCCACTGCGGAGTCCCCGCGCTTGCCGGC-3Ј; 4) 5Ј-AACTTCT-CTTTCTCTTCCCCTCCTCCTCG-3Ј. Competition assays with cold specific or nonspecific double-stranded oligonucleotides were performed at 10-, 20-, 50-, 100-, and 150-fold excess to determine specificity of binding.
RESULTS

Sequence Analysis of the 5Ј-Flanking
Region-A 12-kb genomic fragment (LF-2700/ϩ9580) of the LEF-1 gene was isolated from a human lambda phage library after screening with a probe containing the 5Ј-flanking sequence of human LEF-1 cDNA. The LF-2700/ϩ9580 clone was sequenced in both directions. Sequence homology comparison with human LEF-1 cDNA revealed the inclusion of the first three exons and 2.7 kb of 5Ј-untranslated and promoter sequence (Fig. 1) . The nomenclature for all base pair locations is given in reference to the translational start site ATG codon at ϩ1. Numerous DNA binding domains for several transcription factors, including Tcf1/LEF-1, Tcf11, NF-AT, and Sp1 were observed. Given the relatively high abundance of Tcf sites in the LEF-1 promoter and the known involvement of Wnt in regulating the transcriptional activity of these factors, we hypothesized that Wnt may play an essential role in the regulation of this promoter.
Transient Expression of LEF-1 Promoter Activity-Initial analysis of promoter activity from the two full-length constructs (LF-2700/ϩ3034 and LF-2700/-200) ( Fig. 2) demonstrated little difference in luciferase-normalized ␤-galactosidase activity following transient transfection in 293 cells (Fig. 3) . These findings suggested that the sequence within intron 1 does not influence baseline expression in this cell line. Serial deletion of the promoter from Ϫ2251 to Ϫ1866 bp resulted in a 3-to 4-fold enhancement in expression, suggestive of internal repressor sequences in this region. Interestingly, previous analysis of a shorter fragment of the LEF-1 promoter mapped all transcriptional start sites around Ϫ1190 bp relative to the ATG at ϩ1 (9). Given the fact that deletion of this region did not affect LEF-1 promoter activity, the data suggested that additional transcriptional start sites must lie upstream to Ϫ1190 bp. No major alterations in promoter activity were seen with deletions ranging from Ϫ1866 to Ϫ884 bp. However, deletion of a region between Ϫ884 to Ϫ768 bp resulted in a 3-fold induction of promoter activity suggesting that a second repressor sequence may lie within this region. Further deletion to Ϫ693 bp significantly reduced promoter activity, whereas deletion to Ϫ200 bp completely ablated activity in the LF-200/ ϩ3334 fusion construct. In summary, these preliminary analyses of the LEF-1 promoter suggested the presence of several repressor sequences between Ϫ2251 to Ϫ1866 bp and Ϫ884 to Ϫ768 bp, as well as the existence of previously unidentified transcriptional start sites. Because multiple transcriptional start sites could clearly affect the interpretation of enhancer and repressor regulator regions in the promoter, we next FIG. 2. Schematic presentation of LEF-1 promoter-LacZ reporter constructs. The lambda phage BamHI genomic clone (hLEF1-2700/ ϩ9580) of the LEF-1 promoter and the first three exons is diagrammed in A and extends from Ϫ2700 to ϩ9580 bp relative to the ATG as ϩ1. Exons are denoted in black and are numbered. B and C depict the two full-length promoter-LacZ reporter constructs, in which the BamHI/ClaI (LF-2700/ϩ3034) or BamHI/NotI (LF-2700/ϩ200) fragments of the LEF1 promoter were fused to the ␤-galactosidase gene. D depicts the various promoter deletion constructs used for evaluating transcriptional regulation of the LEF1 promoter. Numbers in the name of each construct correspond to the 5Ј-and 3Ј-bp locations within the LEF1 promoter (relative to the ATG as ϩ1) included in each construct. pLacZ is the promoterless backbone reporter vector used to determine background levels of expression. Dashed lines represent deleted portions of the promoter in reference to the LF-2700/ϩ3034 construct. sought to map the transcriptional start sites that were active in 293 cells.
Mapping the LEF-1 Promoter Transcriptional Start SitesDeletion analysis of the LEF-1 promoter suggests that additional transcriptional start sites (TSS) must reside distal to those previously identified in Jurkat cells (9) . In an effort to map the apparent multiple TSS in the LEF-1 promoter, primer extension of total mRNA from 293 cells transfected with LF-2700/-200 was performed. Initial screening using oligonucleotide primers spaced at 200-bp intervals from Ϫ200 to Ϫ1200 bp of promoter demonstrated the existence of four major TSS. As shown in Fig. 4 (A and B) , primer extension with oligonucleotide EL902 mapped the most distal transcriptional start site (TSS1) at Ϫ1329 bp relative to the ATG (ϩ1) giving rise to four major bands (92, 93, 94, and 95 bp) (Fig. 4A) . Despite the fact that this start site demonstrated some level of flexibility with four major bands, we have classified this as a single TSS. The second major transcriptional start site (TSS2) was mapped to Ϫ1195 and Ϫ1194 bp using EL879 primer, which gave rise to 119-and 118-bp bands, respectively (Fig. 4B) . TSS2 was the closest in proximity to the previously mapped four transcriptional start sites residing between Ϫ1190 to Ϫ1166 bp in HeLa and Jurkat cells (9) . As shown in Fig. 3 , deletion of TSS1 and TSS2 had no significant effect on the overall level of promoter activity. Given the sustained level of promoter activity in the absence of TSS1 and TSS2, more proximal regions of the promoter were mapped with two additional sets of primers. The first of these primers (EL962) mapped TSS3 to Ϫ499 and Ϫ498 bp of the promoter giving rise to extension products of 101 and 100 bp, respectively (Fig. 4D) . The second of these primers (EL920) mapped TSS4 to Ϫ376 and Ϫ375 bp of the promoter giving rise to 104-and 103-bp bands, respectively (Fig. 4E ). As expected, expression studies shown in Fig. 3 demonstrate that combined deletion of TSS3 and TSS4 completely ablated promoter activity. In summary, the existence of four major transcriptional start sites spread over 800 bp of the LEF-1 promoter substantiate findings of sustained promoter activity up to TSS4 deletion.
Wnt Signaling Influences the Activity of the LEF-1 Promoter-Wnt signaling has been closely associated with LEF-1 function in a number of diverse developmental processes. Although no direct evidence to date has demonstrated regulation of LEF-1 gene transcription by Wnts, recent reports that LEF-1/ Tcf1 knockout mice have a similar phenotype to Wnt-3A knockouts are consistent with the hypothesis that Wnt signaling may lie upstream in inductive processes controlling LEF-1 expression (8, 18) . To assess the potential role of Wnt family members in the regulation of the human LEF-1 gene, we evaluated the effects of Wnt-3, Wnt-3A, or Wnt-7A expression on activity of the LEF-1 promoter. Expression plasmids containing the various Wnt genes were co-transfected into 293 cells with either of the two full-length LEF-1 promoter-reporter constructs (Fig.  5A) . Results from these experiments demonstrated that both Wnt-3 and Wnt-3A could induce expression of the full-length LEF-1 promoter 4-or 7-fold, respectively. Both full-length promoter constructs with (LF-2700/ϩ3032) and without (LF-2700/-200) intron-1 gave similar levels of induction. In contrast, expression of Wnt-7A had no effect on LEF-1 promoter activity. Furthermore, the transfer of conditioned media from Wnt-3 or Wnt-3A-transfected 293 cells to cells transfected with each of the reporters also similarly induced promoter activity (data not shown). Northern blot analysis of 293 cells transfected with the Wnt-3A expression plasmid also confirmed high level induction of two endogenous LEF-1 mRNA transcripts, FIG. 3 . LEF1 promoter activity in HEK 293 cells. Activity of the LEF1 promoter was evaluated by transient transfection using promoter-LacZ fusion reporter constructs. Values represent the mean (ϮS.E.) of at least 10 independent transfections for each construct and are represented as the relative expression over that seen with the promoterless backbone vector (pLacZ). Each experimental point was also normalized for transfection efficiency using an internal co-transfection control (pGL3-luciferase). The schematic representation of the promoter above the figure (not drawn to scale) denotes regions of the putative promoter and exon I. The most proximal identified transcriptional start site (TSS1) at Ϫ1329 bp relative to the ATG (ϩ1) is also marked. The minimal promoter represented here is defined by the LF-445/-200 construct, which gives 3-to 4-fold increased activity over the promoterless vector. including a predominant 3.8-kb and a less abundant 2.8-kb message (Fig. 5B) . In summary, these findings substantiate our original hypothesis that Wnt signaling controls transcription of the LEF-1 gene.
Wnt-3A Induction of the LEF-1 Promoter Is Regulated by ␤-Catenin-Given the fact that Wnt-3A regulates ␤-catenin (19) and numerous Tcf1/LEF-1 binding sites reside within the LEF-1 promoter, we hypothesized that Wnt-3A may have induced LEF-1 gene expression through the action of a ␤-cateninTcf1 and/or ␤-catenin-LEF-1 complexes. If this were indeed the case, then modulating the free intracellular pool of ␤-catenin should also influence the activity of the LEF-1 promoter. To test this hypothesis, we evaluated whether co-transfection of a stable mutant form of ␤-catenin (S37A mutant) (13) could influence promoter activity of the LF-2700/-200 reporter construct. Indeed, expression of this ␤-catenin(S37A) mutant induced expression from the LEF-1 promoter in a similar fashion to Wnt-3A (Fig. 6B) . Furthermore, the level of induction by Wnt-3A was not enhance by the presence of the ␤-catenin(S37A) mutant, suggesting that the two factors augment expression from the LEF-1 promoter by a similar mechanisms (Fig. 6C) . The dependence of Wnt-3A induction of the LEF-1 promoter on ␤-catenin was confirmed in studies using both wtGSK3␤ and a constitutively active GSK3␤(S9A) mutant. Co-transfection of either wtGSK3␤ or GSK3␤(S9A) with Wnt-3A expression plasmid inhibited Wnt-3A-induced LEF-1 promoter activity and mobilization of free intracellular ␤-catenin (see Supplemental Data, Fig. S1 ). Induction of LEF-1 promoter activity by ␤-catenin was also substantiated by the ability of ␤-catenin(S37A) expression to increase similar endogenous LEF-1 mRNA transcripts as seen with Wnt-3A (Fig. 5C) .
Given the abundance of LEF-1 binding sites in the promoter, we next sought to determine whether expression of LEF-1 would also influence promoter activity potentially through ␤-catenin interactions. In these studies wild type and several previously described mutant forms of LEF-1 or LEF-1/␤-catenin fusions were evaluated (11, 12) . These included a wild type LEF-1 and a dominant negative form of LEF-1 called LEF-1(m5), which harbors six amino acid substitutions that block ␤-catenin-binding (D19A, E20A, L48A, L49V, D50A, and K52A) (11) . Also evaluated was a LEF-1/␤-catenin fusion (LEF⌬N-␤Cat⌬N) , which demonstrates a dominant active transcriptional characteristic for LEF-1 DNA binding motifs in the Topflash reporter constructs (12) . In contrast to findings with ␤-catenin(S37A), neither wild type LEF-1 nor the dominant active LEF-1/␤-catenin fusion (LEF⌬N-␤Cat⌬N) demonstrated an ability to either transactivate or inhibit the LEF- 1   FIG. 4 . Transcription initiation sites for the human LEF-1 gene determined by primer extension analysis. Primer extension with 32 P-end-labeled primers was used to map transcriptional start sites (TSS) within the LEF1 promoter. Total mRNA from 293 cells either mock transfected or transfected with LF-2700/-200 were used as template sources for primer extension. To map the exact sites of transcriptional initiation, the identical primers used for extension analyses were also used for 35 S-labeled di-deoxy sequencing of the LF-2700/-200 plasmid template. Sequencing ladders are given to the right of each gel with the appropriate di-deoxy nucleotide (T, G, C, or A) used in each reaction above each lane. Partial sequence encompassing each TSS is also denoted to the right of the gel with base pair locations in brackets. Each TSS is marked by arrows, and when more than one base was used for transcriptional initiation in a localized region, the predominant TSS are marked by one or more asterisks. A and B depict mapping of TSS1 and TSS2 using oligonucleotide primers EL902 and EL879, respectively. C summarizes the location of TSS1 and TSS2 and the primers (underlined arrows below sequence) used for extension. TSS sites found in the present study are marked by arrows, and sites localized in Jurkat cells by a previous study (9) are marked by four ϩ signs. Square brackets in the sequence with base locations demarcate areas of deletion in the promoter-reporter constructs evaluated for expression analysis. D and E depict mapping of TSS3 and TSS4 using oligonucleotide primers EL962 and EL920, respectively. F summarizes the location of TSS3 and TSS4 as described for C.
promoter (Fig. 6) . Interestingly, however, the dominant negative mutant of LEF-1 (LEF-1(m5)), which lacks the ability to interact with ␤-catenin, led to a significant 5.6-fold reduction in LEF-1 promoter activity (p Ͻ 0.001). In summary, these findings suggest that both LEF-1 and ␤-catenin may have the ability to regulate LEF-1 promoter transcription, however, this regulation appears to be independent of direct LEF-1/␤-catenin interactions, because the dominant active LEF⌬N-␤Cat⌬N fusion construct had little effect on transcription.
Wnt-3A-responsive Sequences Coincide with a Repressor Region in the LEF-1 Promoter-To localize the sequences in the
Lef-1 promoter that were involved in Wnt-3A responsiveness, transient transfection LacZ reporter assays were performed with various promoter deletion constructs in the presence or absence of a co-transfected Wnt-3A expression plasmid. Control samples (without Wnt-3A) utilized co-transfection of an empty plasmid control with identical promoter elements lacking a transgene (pcDNA3.1). Analysis of promoter deletion constructs (Fig. 2C ) under these conditions demonstrated that Wnt-3A responsiveness was predominantly unaffected by deletions up to Ϫ884 bp relative to the translational start site (Fig.  7A) . In contrast, further deletion of Ϫ884 to Ϫ768 bp significantly reduced Wnt-3A responsiveness and complete responsiveness was ablated in the Ϫ693-bp deletion construct. Given the fact that linear deletion from Ϫ884 to Ϫ768 bp led to a progressive rise in baseline expression (without Wnt-3A expression), while at the same time reducing Wnt-3A responsiveness of the promoter, we hypothesized that the region of the LEF-1 promoter encompassing Ϫ884 to Ϫ768 bp might contain binding sequences for repressor proteins that are responsive to Wnt-3A. To test the hypothesis that Wnt-3A relieves repressor function in the context of the full-length LEF-1 promoter, an additional internal deletion reporter construct LF-2700(ID)/ -200, in which the region consisting of Ϫ879 to Ϫ769 bp was deleted from the LF-2700/-200 construct, was generated. Analysis of this internal deletion mutant confirmed our original hypothesis and demonstrated a 24-fold elevated level of baseline transcription (in the absence of Wnt-3A) as compared with its full-length, non-deleted counterpart (LF-2700/-200) (Fig.  7B) . Furthermore, Wnt-3A responsiveness of this internal deletion construct (LF-2700(ID)/-200) was significantly reduced (1.4 Ϯ 0.2-fold) in comparison to LF-2700/-200 (8.6 Ϯ 1.6-fold), which contained the Ϫ879-to Ϫ769-bp region (Fig. 7, B and C) . Interestingly, all the necessary information required for Wnt-3A responsiveness appeared to be contained within the first 884 bp of the promoter, because the deletion construct LF-884/-273 gave rise to slightly higher levels of induction (11.2 Ϯ 3.4-fold) than even the full-length LF-2700/-200 construct (8.6 Ϯ 1.6-fold). These findings strongly suggest that a Wnt-responsive element (WRE) in the LEF-1 promoter lies between Ϫ879 to Ϫ769 bp relative to the translational start site.
In contrast to our original hypothesis that Tcf1/LEF-1 might be a prime candidate for Wnt-induced ␤-catenin function, these findings appear to rule out ␤-catenin action at the five Tcf1/ LEF-1 bindings sites upstream to Ϫ884 bp in the promoter. No additional known Tcf1/LEF-1 sites reside within LF-884/-273. This aspect is important when comparing the present results to other reports evaluating the potential influence of ␤-catenin/ Tcf1/LEF-1 binding to the LEF-1 promoter at sites upstream to Ϫ884 bp (10) . sites (TSS) spaced over 950 bp of the LEF-1 promoter, we next sought to evaluate whether Wnt-3A responsiveness effected transcription from all or selective TSS. Because reporter constructs deleted of TSS1 and TSS2 maintained Wnt-3A responsiveness, we predicted that, at minimum, either TSS3 or TSS4 could be induced by Wnt-3A. However, without direct evaluation of mRNA species, conclusions regarding more proximal start sites could not be inferred. To this end, a primer extension assay was developed to evaluate mRNA transcriptional start sites from our reconstructed LEF-1 promoter in cells transfected with LacZ reporter constructs with and without the Wnt-3A expression plasmid. Importantly, this assay also referenced the abundance of each mRNA species (TSS1-4) using an internal control ␤-actin primer that gave rise to an 80-bp ex- tension product. Hence, the ratio of LEF-1 mRNA to ␤-actin mRNA transcripts could be used to qualitatively assess Wnt-3A-specific regulation of transcriptional initiation at each of these sites. Endogenous LEF-1 mRNA in the presence or absence of Wnt was undetectable in this assay. To also assess the influence of Wnt-3A-responsive sequences between Ϫ879 to Ϫ769 bp on the Wnt-3A inducibility of each of the transcriptional start sites, cells transfected with either the LF-2700/-200 or LF-2700(ID)/-200 reporter constructs were analyzed. Results from this analysis demonstrated that both TSS1-and TSS4-derived transcripts from the full-length LF-2700/-200 promoter were selectively activated by Wnt-3A expression (Fig. 8, A and D) in reference to ␤-actin internal control transcripts. These findings substantiate Northern blotting analysis for endogenous LEF-1 mRNA demonstrating an increase in both a 3.8-and 2.8-kb mRNA transcripts in the presence of Wnt-3A. In contrast, Wnt-3A expression did not affect the level of transcription from TSS2 and TSS3 (Fig. 8, C and B) . These findings suggest that Wnt-3A induction of the LEF-1 promoter acts by selectively inducing transcription at specific transcriptional start sites.
Wnt-3A-responsive Sequences Differentially Control Alternative Transcriptional Start Sites in the LEF-1 Promoter-Given
To conclusively link Wnt-3A-responsive sequences in the LEF-1 promoter (identified in transcriptional reporter assays as lying between Ϫ879 to Ϫ769 bp) with the transcriptional regulation of each of these start sites, we next evaluated the abundance of various mRNA transcripts derived from the internal deletion mutant, LF-2700(ID)/-200. In support of our hypothesis, deletion of the 110-bp segment led to a significant reduction of Wnt-3A responsiveness for both TSS1-and TSS4-derived mRNA transcripts in reference to the ␤-actin internal controls. In contrast, TSS2 and TSS3 transcripts remained nonresponsive to Wnt-3A despite the internal deletion. Interestingly, in reference to the ␤-actin internal control, the constitutive level of transcription in the absence of Wnt-3A rose substantially for all TSS derived from LF-2700(ID)/-200 in comparison to LF-2700/-200 in the absence of Wnt-3A. These findings substantiate transcriptional reporter assays for these same constructs in transient transfection studies demonstrating that internal deletion of Ϫ879 to Ϫ769 bp of the promoter constitutively activated baseline transcription in absence of Wnt-3A.
Wnt-3A-and ␤-Catenin-responsive Sequences Are Fully Contained within a 110-bp WRE That Conveys Context-independent Inducibility to a Heterologous Promoter-Internal deletion of Ϫ879 to Ϫ769 bp of the LEF-1 promoter strongly suggests that this region contains a WRE capable of regulating transcription. However, due to multiple transcriptional start sites within the LEF-1 promoter and the fact that the WRE lies within the 5Ј-untranslated region of TSS1-and TSS2-derived transcripts, it is also plausible that the WRE could enhance mRNA stability or translational efficiency in the presence of Wnt-3A signals. In an effort to more clearly define this element, we constructed two additional reporter vectors harboring the 110-bp WRE in isolation juxtaposed 5Ј or 3Ј to a minimal SV40 promoter driving luciferase reporter gene expression (Fig. 9A) . One construct, pGL3(WRE-5Ј) contained the WRE outside the coding sequence of this vector 5Ј to the SV40 promoter, whereas the other pGL3(WRE-3Ј) construct contained the WRE in the 5Ј-untranslated sequence of the luciferase mRNA transcript. As shown in Fig. 9 (B and C) , both pGL3(WRE-5Ј) and pGL3(WRE-3Ј) demonstrated equivalent levels of induction in the presence of Wnt-3A or ␤-catenin(S37A) expression plasmids. The parental pGL3 vector was unresponsive to either Wnt-3A or ␤-catenin(S37A) expression. These results convincingly demonstrate that all sequences necessary for Wnt-3A induction are contained within a 110-bp (WRE) enhancer. However, our findings demonstrating the lack of WRE inhibition in the baseline expression from the SV40 promoter in the absence of Wnt-3A, suggest that inhibitory properties of this element in the context of the LEF-1 promoter are more complex and likely regulated by additional sequences outside the WRE. regions within the WRE may bind to factors that are modulated by Wnt-3A expression, we performed scanning oligonucleotide electrophoretic mobility shift assays. Eleven double-stranded oligonucleotide probes were evaluated that spanned the region of the WRE and the adjacent 5Ј sequence (Ϫ879 to Ϫ734 bp). Of these eleven probes, several patterns of binding were found in Each TSS is marked by one or more arrows, and when more than one base was used for transcriptional initiation in a localized region, the predominant TSS is marked by one or more asterisks. A and B, mapping of TSS1 and TSS2 using oligonucleotide primers EL902 and EL879, respectively. D and E, mapping of TSS3 and TSS4 using oligonucleotide primers EL962 and EL920, respectively. Conditions for transfections of reporter constructs and Wnt-3A expression plasmid are given above each lane. As described under "Experimental Procedures," ␤-actin transcripts were used as an internal control for the efficiency of primer extension in each sample and gave rise to an 80-bp extension fragment as marked to the left of each gel.
Wnt-3A Expression Induces Changes in Protein Binding at
Wnt-3A expressing and non-expressing cells. Four representative examples are shown in Fig. 10 , including the two most interesting regions for which binding was altered by Wnt-3A expression. The majority of probes demonstrated DNA binding patterns that were not significantly altered by expression of Wnt-3A (Fig. 10B, probes 2 and 4) . In contrast, probe 1 demonstrated the appearance of a new DNA binding complex in the presence of Wnt-3A expression (Fig. 10B) . More complex changes in binding complexes were seen in probe 3 with the disappearance of a complex in the presence of Wnt-3A and concordant increase in a higher mobility complex. These findings suggest that changes in DNA binding at the WRE induced by Wnt-3A expression may be quite complex and likely involve the addition and/or removal of multiple Wnt-modulated factors. Interestingly, one known transcription factor binding site for GCF-1 coincided within a region that gave rise to Wnt-3A-inducible changes in DNA binding (Fig. 10A) . GCF-1 (TRANS-FAC database site table accession number RO2643) binds to a consensus TCCCGGCGCT, which was extremely similar to a potential binding site in the WRE (TCCCCGCGCT).
DISCUSSION
The importance of LEF-1 function in Wnt signaling has been long established in numerous models of development and morphogenesis. In such developmental signal transduction cascades, Wnt can stimulate the transcriptional activation of numerous developmental genes through the activation of ␤-catenin-LEF-1 complexes in the nucleus (1) . In many of these developmental processes, LEF-1 transcription is often also uniquely regulated in concert with Wnt-inductive mechanisms. Our studies demonstrating Wnt-3A and Wnt-3 induction of the LEF-1 promoter have begun to provide a mechanistic foundation for this observation of coordinate regulation of certain Wnts and the LEF-1 gene. Several findings suggest that Wnt-3A induction of the LEF-1 promoter occurs through a ␤-catenin-dependent pathway. First, Wnt-3A induces stabilization of ␤-catenin, and the ␤-catenin(S37A) mutant similarly induced the LEF-1 promoter as seen with Wnt-3A expression alone. Second, combined expression of Wnt-3A and ␤-catenin(S37A) induced similar levels of transcription as seen in the presence of either factor alone. Third, when Wnt-3A stabilization of ␤-catenin was blocked by overexpression of wild type GSK-3␤ or the dominant active GSK-3␤(S9A) mutant, Wnt-3A induction of the LEF-1 promoter was substantially reduced. In summary, these findings support the notion that Wnt-3A induction of the LEF-1 promoter is dependent on ␤-catenin. The dependence of Wnt-3A-inductive development pathways on ␤-catenin-LEF-1 complex formation has been previously reported (7). However, it is interesting that Wnt-7A, FIG. 9 . The LEF-1 promoter WRE conveys Wnt-3A and ␤-catenin responsiveness to a heterologous promoter in a contextindependent fashion. The ability of the WRE (Ϫ879 to Ϫ769 bp of the LEF-1 promoter) in isolation to convey Wnt-3A/␤-catenin responsiveness to the heterologous minimal SV40 promoter was evaluation in transient transfection assays on 293 cells. Methods utilized for serial co-transfection of pGL3-reporter vectors followed by transfection with Wnt-3A, ␤-catenin(S37A), or pcDNA (empty vector control) expression plasmids are outlined under "Experimental Procedures." The three pGL3-based vectors analyzed are outlined in A with the transcriptional start site marked by an arrow. The orientation of the WRE within pGL3(WRE-5Ј) and pGL3(WRE-3Ј) is identical to that found in the endogenous LEF-1 promoter. Equal amounts of DNA were used in all transfections, and the efficiency of transfections was normalized using a co-transfected pSV2␤gal plasmid. Results in B and C depict the mean (ϮS.E.) relative luciferase expression normalized to ␤-galactosidase expression for each transfection. The number of independent transfection for each experimental point (N) and the plasmids used for induction experiments are given in the legend of each panel.
which did not induce the LEF-1 promoter, has been previously shown to act in a ␤-catenin-independent manner during chick limb bud development (7) .
Given the fact that numerous Tcf1/LEF-1 binding consensus sequences reside within the LEF-1 promoter, we investigated whether LEF-1 might be responsible for autoregulation of its own promoter through ␤-catenin association. Five Tcf1/ LEF-1 binding sites are located in the LEF-1 promoter, and all lie upstream of Ϫ884 bp. Several of these sites have been demonstrated to bind recombinant LEF-1 (10). However, in our studies the deletion of all Tcf1/LEF-1 binding sites did not have any effect on the Wnt-3A responsiveness of the LEF-1 promoter (LF-884/-273). These results suggest that previous reported interactions of the LEF-1 promoter with Tcf1/LEF-1/␤-catenin complexes (9, 10) do not likely play a role in Wnt-3A responsiveness of the LEF-1 promoter. The lack of LEF-1 involvement in Wnt-3A induction of the LEF-1 promoter was also supported by studies expression a dominant active fusion of LEF-1/␤-catenin that had no effect on LEF-1 promoter activity. Internal deletion of Ϫ884 to Ϫ768 bp of the promoter confirmed the existence of a Wnt-3A-responsive element (WRE) that appeared to act by a mechanism of derepression following Wnt-3A stimulation. However, studies placing the WRE in isolation 5Ј or 3Ј to a minimal SV40 promoter suggested that, although this element contains all the necessary information responsible for Wnt-3A induction, it does not possess repressor function out of the context of the LEF-1 promoter. Furthermore, this element gave rise to inducible expression of the SV40 promoter in the presence of ␤-catenin(S37A) expression, substantiating that ␤-catenin is likely mediating Wnt-responsiveness at the WRE. Whether this effect is a direct consequence of ␤-catenin interaction with factors binding at the WRE or an indirect effect by which ␤-catenin alters the abundance of WRE binding factors remains to be determined. Nonetheless, the ability of the WRE to convey Wnt-3A/␤-catenin responsiveness to a heterologous promoter, in a contextindependent fashion, fulfills the requirement for defining the WRE as an enhancer. Repressor functions of this element within the context of the LEF-1 promoter likely are due to contextdependent interactions with other binding factors.
The identity of Wnt-3A-inducible factors that are capable of acting at the WRE within the LEF-1 promoter remains unclear. The finding that internal deletion of the WRE significantly enhances transcription suggests that resident binding proteins in the absence of Wnt signals likely repress transcription. If this sequence was solely acting as a repressor in the context of the endogenous promoter, one might expect to find changes in transcription factor binding that are removed by Wnt expression. However, studies utilizing oligonucleotide-scanning EMSA suggest that Wnt-3A-induced changes in factor binding at the WRE may be more complex than simple removal of factors. Examples of both increased and decreased binding at specific sites in the WRE could be observed following Wnt-3A expression in 293 cells. Given that this sequence also acts as an enhancer when linked to a heterologous promoter, the recruitment of Wnt-responsive binding factors at the WRE is not unexpected. Currently we conclude that multiple changes in transcription factor complexes are occurring at a minimum of two sites within the WRE. One known transcription factor binding consensus for GCF-1 (GC Factor) (20) localized to a region of the WRE demonstrating Wnt-3A-induced binding. Interestingly, GCF-1 was originally identified as a factor that represses transcription from both the epidermal growth factor receptor and ␤-actin promoters (20) .
In summary, the present study has demonstrated compelling evidence that elevated levels of ␤-catenin are required for the activation of the LEF-1 promoter in response to Wnt signaling. Yet ␤-catenin-dependent Wnt-3A-mediated activation of the LEF-1 promoter behaves in striking contrast to other promoters induced by Wnt-3A such as Mitf (21) . Mitfmediated Wnt-3A induction is dependent on ␤-catenin-LEF-1 complex binding to the promoter. Because the dominant active form of LEF-1 had no effect on LEF-1 promoter activity and Wnt-3A responsiveness persists despite deletion of all Tcf1/LEF-1 bindings sites, the mechanism of ␤-catenin action most likely does not involve direct binding of ␤-catenin-LEF-1 or ␤-catenin-Tcf1 complexes to the LEF-1 promoter. Several possibilities might explain such a mechanism. First, ␤-catenin may associate with one or more different binding partners on the LEF-1 promoter in response to Wnt-3A. Such association would be predicted to relieve binding and/or mask the effects of inhibitory proteins at the WRE that reduce its expression in the absence of Wnt-3A signals. A second possibility is that ␤-catenin mediates the activation of other Wnt-3A-responsive transcription factors, which in turn act on the LEF-1 promoter to relieve inhibition and activate expression. These hypotheses provide a framework for better under- To assess potential interactions of Wnt-modulated transcription factors at the WRE, we performed electrophoretic mobility shift assays (EMSA) using double-stranded oligonucleotide probes end-labeled with 32 P. Four of eleven probes analyzed are diagrammed in A by arrows below their corresponding sequence (Ϫ850 to Ϫ734 bp of the LEF-1 promoter) and predicted transcription factor binding sites. EMSAs were preformed with 2 g of nuclear extract harvested from 293 cells transfected with either Wnt-3A (ϩ) or pcDNA (Ϫ) expression plasmids (B). Probes used for each lane are marked above the gel. Arrows to the left of the gel correspond to Wnt-modulated binding complexes for a given probe. All Wnt-modulated binding complexes were competed with a 100-fold excess of unlabeled specific, but not nonspecific, oligonucleotide probe (data not shown).
standing the complexities of Wnt/␤-catenin induction of LEF-1-dependent pathways in development.
